Long-term memory for fear of an environment (contextual fear conditioning) emerges later in development (postnatal day; PD 23) than long-term memory for fear of discrete stimuli (PD 17). As contextual, but not explicit cue, fear conditioning relies on the hippocampus; this has been interpreted as evidence that the hippocampus is not fully developed until PD 23. Alternatively, the hippocampus may be functional prior to PD 23, but unable to cooperate with the amygdala for fearful learning. The current experiments investigate this by separating the phases of conditioning across developmental stages. Rats were allowed to learn about the context on one day and to form the fearful association on another. Rats exposed to the context on PD 17 exhibited significant fear only when trained and tested a week later (PD 23, 24), but not on consecutive days (PD 18, 19), demonstrating that rats can learn about a context as early as PD 17. Further experiments clarify that it is associative mechanisms that are developing between PD 18 and 23. Finally, the hippocampus was lesioned prior to training to ensure the task is being solved in a hippocampus-dependent manner. These data provide compelling evidence that the hippocampus is functional for contextual learning as early as PD 17, however, its connection to the amygdala or other relevant brain structures may not yet be fully developed.
Research in recent decades has yielded a great deal of information regarding the neural substrates of cognitive processes, such as emotional expression and learning and memory in adult organisms, but relatively little regarding the neural substrates underlying these processes in developing organisms. Pavlovian fear conditioning has proven a useful tool for studying cognition in adult organisms (Malenka and Nicoll 1997; Anagnostaras et al. 2001; Maren 2001) and ought to be an especially powerful tool to help uncover the neural substrates of various cognitive processes in adolescent organisms due to its reliance on relatively basic sensory, motor, and affective systems (Campbell and Spear 1972) . Indeed, several behavioral and toxicological studies have already adapted methods pioneered in the adult for use in developing animals with great success (Rudy 1992 (Rudy , 1993 (Rudy , 1994 Richardson 2005, 2007; Wagner and Hunt 2006; Hunt et al. 2009 ).
Fear conditioning can be categorized into a number of paradigms that require differing neural substrates. Simple tone and shock pairings, termed explicit-cue fear conditioning, can be arranged such that they rely only on the amygdala and its inputs and outputs (LeDoux et al. 1990; Davis 2006) . Another variant of fear conditioning, termed contextual fear conditioning, does not use an explicit or discrete stimulus, but rather uses the entire experimental environment (termed the context) as the conditioned stimulus (CS). In addition to reliance on the amygdala, contextual fear conditioning also requires the hippocampal formation, which has been suggested to be critical for the formation of an integrated representation of the context from multiple discrete stimuli (Kim and Fanselow 1992; Phillips and LeDoux 1992) . Thus, contextual fear conditioning appears to require at least two separate processes: the formation of a neural (cognitive) representation of the context and the formation of an aversive association between the context and shock.
As adult and juvenile organisms with hippocampus damage often fail to demonstrate contextual fear conditioning (Kim and Fanselow 1992; Phillips and LeDoux 1992; Fanselow 2000; Anagnostaras et al. 2001; Raineki et al. 2009 ), this paradigm has been used as a behavioral probe for detecting whether hippocampus function is intact in genetic, toxicological, and developmental studies. This is problematic for at least two reasons. First, it is now clear that contextual conditioning can sometimes be exhibited in the absence of a functional hippocampus McNish et al. 2000; Wiltgen et al. 2006) . Second, the absence of contextual fear conditioning by itself does not imply a dysfunctional hippocampus, but merely dysfunction somewhere in the neural circuits required for contextual learning, fear conditioning, fear expression, or in the ability of these somewhat distinct circuits to interact.
It is now a well-established finding that hippocampusdependent tasks tend to emerge later in development than similar hippocampus-independent tasks (Riccio and Schulenburg 1969; Moye and Rudy 1987; Green and Stanton 1989; Rudy 1992 Rudy , 1993 Ivkovich et al. 2000; Stanton 2000; Raineki et al. 2009 ). This has been shown in fear conditioning, where infant and juvenile rats (typically younger than postnatal day [PD] 23), fail to exhibit contextually conditioned freezing 24 h after conditioning, despite their ability to freeze to an explicit cue (Rudy 1993; Stanton 2000; Raineki et al. 2009 ). Furthermore, trace conditioning, a task known to rely on the hippocampus, emerges later in development than delay conditioning, a hippocampus-independent task, in both fear and eyeblink preparations (Moye and Rudy 1987; Ivkovich et al. 2000; Barnet and Hunt 2005) . Developing rats are similarly impaired in other hippocampus-dependent learning and memory tasks, such as the hidden-platform Morris water maze and conditional delayed alternation task, but not in similar hippocampus-independent tasks, such as visible-platform water maze or a simple position habit t-maze Green and Stanton 1989) . Thus, these findings would appear to lend support to the notion that hippocampus development is the bottleneck in the emergence of some types of learning.
In contrast, it has been pointed out that the age of emergence of these putatively hippocampus-dependent tasks varies greatly and appears to depend upon the specific task requirements and modalities (Stanton 2000) , making it unlikely that there is a single time of functional emergence of the hippocampus. In addition, by PD 17 the hippocampus has largely taken on its adult form; longterm potentiation (LTP) is present in field CA1 and stable place fields have emerged (Bayer 1980; Harris and Teyler 1984; Berkenstein and Lothman 1991; Langston et al. 2009 ), although LTP continues to mature in the dentate gyrus (Berkenstein and Lothman 1991) and additional complexity in dedritic branching and cell structure continues to develop (Pokorný and Trojan 1986 ). Therefore, it appears possible that the hippocampus is functional at a relatively young age, but the ability of the hippocampus to cooperate with other memory systems emerges later and in a more gradual fashion depending on the neural system.
The current experiments suggest that contextual fear conditioning provides one such example. Rat pups as young as PD 17 can express conditioned fear after explicit-cue fear conditioning (Rudy 1992 (Rudy , 1993 Stanton 2000; Barnet and Hunt 2005) , indicating that the amygdala and output systems are intact. Although PD 17 rats have demonstrated conditioning to an enhanced context (Brasser and Spear 1998) , most studies demonstrate that rats younger than PD 23 cannot demonstrate long-term memory for contextual fear conditioning (Rudy 1993 (Rudy , 1994 Stanton 2000; Raineki et al. 2009 ), which has been interpreted as a delay in the emergence of hippocampus function. This is curious given that rat pups younger than PD 23 can complete many hippocampusdependent tasks (see Stanton 2000) , express a fearful response, and show context-dependent effects, such as latent inhibition and renewal following extinction Richardson 2005, 2007) . Thus, a second possibility is that the hippocampus is functional, but unable to cooperate with other structures involved in contextual fear conditioning, such as the amygdala. This suggests an interesting hypothesis: Rat pups may be able to form and consolidate a memory of a context on PD 17 (dependent on the hippocampus) and to form fearful associations (dependent upon the amygdala), but at the same time be unable to use a contextual representation in a fearful association until around PD 23. Thus, it is the connection between the hippocampus and the amygdala that is slow to develop, causing a protracted emergence of hippocampus-dependent tasks. The current experiments examine this question using a single-trial contextual fear conditioning preparation in developing rats.
Previous studies investigating contextual fear conditioning conducted between PD 15 and PD 25 have typically conducted training in a single stage, thus requiring the animal to form a contextual representation and aversive association simultaneously (Rudy 1993; Stanton 2000; Raineki et al. 2009 ). As both the hippocampus and the amygdala are presumably required to cooperate during this training, these methods do not allow for the isolation of hippocampal function and confound hippocampal maturity with the connectivity between such structures. However, using a slightly modified paradigm, termed the pre-exposure facilitation effect (Fanselow 1990; Rudy and Morledge 1994; Pugh and Rudy 1996; Burman et al. 2009 ), the hippocampus-dependent component can be separated from the hippocampus-amygdala cooperative component. In this paradigm, the subjects are pre-exposed to the context on one day, allowing the animals to form a hippocampus-dependent contextual representation in isolation. On a subsequent day, a single immediate footshock, which does not support conditioning without context pre-exposure, is presented. Thus, the aversive memory formation and contextual memory formation occur independently. Similar approaches have been taken to examine the ontogeny of other contextdependent effects Richardson 2005, 2007) .
The overall purpose of the present study was to clarify the time course of the emergence of hippocampal involvement in contextual fear conditioning. In order to determine whether weanlings have the ability to consolidate a contextual memory before they can associate a shock with it, three experiments were conducted with rat pups between PD 17 and PD 31. Experiment 1 capitalized upon the pre-exposure-immediate shock paradigm (see above), which allowed us to separate the hippocampus-dependent contextual portion of the learning experience from the hippocampus and amygdala-dependent fear conditioning experience. Thus, this experiment demonstrated that subjects exposed to the context on PD 17, prior to the expected emergence of the ability, were able to demonstrate the successful formation of a representation of the context. However, this ability only manifested when fear conditioned and tested after PD 23. In Experiment 2, we further investigated whether it was the ability of rats to form an association between a context and shock or the ability to express fear to a context that was late in emerging, and further ruled out nonassociative explanations of our findings by exposing some animals to a different context than was later used for fear conditioning. In Experiment 3, in order to further support the role of hippocampal involvement in the representation of a context, subjects underwent bilateral hippocampal lesions prior to behavioral testing. Overall, the current paper will argue that the neural substrates required for contextual learning, aversive learning, and fear expression are all in place by PD 17, but the connections between them are not yet functional, leading to a deficit in contextual fear conditioning.
Results

Experiment 1
In Experiment 1, each rat underwent three phases as part of contextual fear conditioning: contextual pre-exposure (Phase 1), an immediate footshock (Phase 2), and testing (Phase 3). There were five experimental conditions. Rats in the first experimental condition (17/18/19) experienced Phase 1 on PD 17, Phase 2 on PD 18, and Phase 3 on PD 19. This group was expected to be unable to learn to fear a context (Rudy 1992 (Rudy , 1993 Stanton 2000) . Rats in the second experimental condition (17/24/25) experienced Phase 1 on PD 17, Phase 2 on PD 24, and Phase 3 on PD 25. This was the experimental group of interest. Whether or not they could learn to fear the context demonstrates whether or not rats can learn about a context on PD 17. Rats in the third experimental condition (23/24/25) experienced Phase 1 on PD 23, Phase 2 on PD 24, and Phase 3 on PD 25. Rats in this group were expected to be able to fear the context, consistent with previous findings (Rudy 1992 (Rudy , 1993 Stanton 2000; Burman et al. 2009 ). Rats in the fourth experimental condition (-/24/25) did not undergo Phase 1, and experienced Phase 2 on PD 24, and Phase 3 on PD 25. Rats in this group were expected to be unable to learn about the context due to the immediate shock deficit (Fanselow 1990) . Rats in the fifth experimental condition (23/ 30/31) experienced Phase 1 on PD 23, Phase 2 on PD 30, and Phase 3 on PD 31. Rats in this group were expected to be able to learn to fear the context and served to control for the time between Phases 1 and 2 in the 17/24/25 condition (see Fig. 1 ).
A 2 × 5 analysis of variance (ANOVA) indicated no significant main effect or interaction of sex on experimental condition, P . 0.10; as such, sex was excluded from further analysis. Consistent with our hypothesis, the subsequent one-way ANOVA revealed that mean freezing differed across experimental condition, F (4,52) ¼ 9.86, P , 0.05. As expected, Bonferroni's post-hoc test showed groups 17/24/25, 23/24/25, and 23/30/31 all significantly differed from rats trained and tested at the youngest ages (17/18/19; P , 0.05) and from rats who were not pre-exposed to the context (-/24/25; P , 0.05), but not from each other (P . 0.10; Fig. 2 ). Rats pre-exposed at PD 17, but not trained and tested until later (17/24/25), showed significantly greater fear than rats pre-exposed on PD 17 and trained and tested on subsequent days (17/18/19). This suggests that the pups were able to learn about the context on PD 17, but were unable to demonstrate context-elicited freezing without further maturation. Rats not pre-exposed (-/24/25) showed little fear, confirming that conditioning to an immediate footshock does not occur without prior exposure to the conditioning apparatus. Thus, these data suggest that conditioning is possible only when training and testing occur after PD 24, regardless of whether the contextual pre-exposure occurs at PD 17 or PD 23. Thus, rats at PD 17 are able to latently form a representation of the context that can be later associated with the aversive footshock.
Experiment 2
Experiment 1 suggested that rats are able to learn about a context at PD 17, but are unable to express fear until further maturation has occurred. However, both the day of aversive learning and the day of fear expression differed between animals in the 17/18/19 group and animals in the 12/24/25 group, precluding a determination of the cause of the deficit in the 17/18/19 rats. Although it is well established that rats can exhibit freezing to a specific cue as early as PD 15, perhaps freezing to a context requires further development. Therefore, Experiment 2 examines whether it is the day of aversive learning or the day of memory recall that determines the time of emergence of this ability. This experiment was run according to a 2 × 2 design in a manner similar to Experiment 1. The three behavioral phases occurred on either PD 17/18/25 or PD 17/24/25. Furthermore, during the preexposure phase, rats were either pre-exposed to the conditioning context (context A; as in Experiment 1) or were pre-exposed to a separate chamber (context B) in a different room in order to control for the effects of handling and transport.
A 2 (sex) × 2 (pre-exposure context: A or B) ×2 (age of training) analysis of variance (ANOVA) indicated no significant main effect or interaction of sex on experimental condition, P . 0.10; as such, sex was excluded from further analysis. Consistent with our hypotheses, the subsequent ANOVA revealed main effects of pre-exposure condition F (1,48) ¼ 6.70, P , 0.05, and age F (1,48) ¼ 14.36, P , 0.01, and an interaction between the two F (1,48) ¼ 10.91, P , 0.01, confirming that only rats conditioned at the older age and pre-exposed to the conditioning context were able to learn to fear the environment (see Fig. 3 ). Thus, it is not handling, transport, or litter disruption that leads to subsequent freezing.
Furthermore, as rats in the 17/18/25 group did not freeze regardless of the context to which they were pre-exposed, it is the ability to associate a context with an aversive stimulus that emerges between PD 17 and PD 24, and not the ability to engage in the freezing response to an aversive stimulus. These data confirm our previous interpretation that pups as young as PD 17 can latently form a specific contextual representation during exposure to a novel environment and clarify that this is an associative mechanism that develops between PD 17 and PD 24.
Experiment 3
The purpose of Experiment 3 was to establish whether contextual learning, at the earliest age we can observe it, depends upon the intact hippocampus, as is the case in adults. To determine this, rat pups' hippocampi were lesioned bilaterally either 1 or 2 d prior to pre-exposure and compared to those that received sham lesions. Experiment 3 builds on the results of Experiment 1. Since the findings of group 17/24/25 were central to Experiment 1, group 17/24/25 was reexamined and compared to group 23/30/31. The 23/30/31 group was chosen as the comparison group, since it paralleled the 17/24/25 group in duration between pre-exposure and training and exhibited equivalent conditioned freezing.
Lesions were reconstructed on images from a stereotaxic atlas of the developing rat brain (Fig. 4; Sherwood and Timiras 1970) . Electrolytic lesions that were made on day PD 15/16 generally included CA1 and the dentate gyrus, with some disruption to the cortex dorsal to the hippocampus. Lesions that were made on day PD 21/22 generally included CA1, CA3, and the dentate gyrus, with minimal disruption to the cortex dorsal to the hippocampus. Lesions that did not sufficiently encompass CA1 of the dorsal hippocampus were excluded from further analysis. When combined across ages, mean damage was 31% of the hippocampus with a standard deviation of 5.29%. Although, to the best of our knowledge, these are the first acute electrolytic hippocampus lesions in developing rats, the size of these lesions are consistent with lesions that disrupt performance in other hippocampusdependent tasks in adult rats (Moser and Moser 1998; Burman et al. 2006 ). There was no significant correlation (r ¼ 0.08) between damage and freezing. This could be attributable to either a behavioral floor effect or to the possibility that damage to a subregion, rather than the whole hippocampus, is the best predictor of performance.
A 2 (sex) × 2 (days of recovery following surgery) × 2 (gestational date of birth) × 2 (age) × 2 (surgery type) ANOVA on freezing during the test session indicated no significant main effect or interaction of sex, days of recovery post-surgery, or gestational date of birth, P . 0.10. There were also no interactions with experimental condition or surgery type, P . 0.10. Therefore, a 2 (surgery type: sham or hippocampus lesion) × 2 (experimental condition: 17/24/25, 23/30/31) ANOVA was conducted on percent freezing scores (Fig. 5) . Results indicate that mean freezing differs across surgery type, F (1,45) ¼ 106.39, P , 0.01. There was also a nonsignificant trend toward a main effect of age, F (1,45) ¼ 3.35, P , 0.10, and no significant interaction between type of surgery and experimental condition, F (1,45) ¼ 0.45, P . 0.10.
Bonferroni's post-hoc test showed rats that underwent a sham surgery exhibited significantly greater fear than rats that underwent hippocampus lesions, P , 0.05 (Fig. 5) . The rats that underwent hippocampus lesions, unlike shams, failed to freeze to the context, suggesting that the ability to internally maintain and later exhibit fear of a context is reliant on hippocampal function. The sham-lesioned rats were fearful to the context in both the 17/24/25 and 23/ 30/31 age groups, which did not differ (P . 0.10), demonstrating equivalent conditioning across ages.
We hypothesized that hippocampus lesions would interfere with contextual fear conditioning due to an inability of the rats to form a representation of the context. However, if hippocampus lesions caused motoric activation, similar results would be observed. Therefore, we also examined the effects of lesions on unconditioned freezing during pre-exposure. Although mean freezing levels were generally low (mean + SEM): 17/24/ 25-sham ¼ 6.83% + 1.68%, 17/24/25-hippocampus lesion ¼ 3.5% + 1.06%, 23/30/31-sham ¼ 4.16% + 1.41%, 23/30/ 31-hippocampus lesion ¼ 2.31% + 1.15%, there was a nonsignificant trend toward an effect of lesion, F (1,45) ¼ 3.74, P , 0.10). There was neither a main effect of age, F (1,45) ¼ 2.06, P . 0.10, nor an interaction between age and lesion F (1,45) ¼ 0.30, P . 0.10. Bonferroni post-hoc tests found no significant difference between any specific cells, thus suggesting that the effect of hippocampus lesions on unconditioned movement was minimal.
Discussion
Previous studies have found contextual fear conditioning emerges between PD 17 and PD 23, while cued fear conditioning emerges prior to PD 17. This observation has led to two related explanations: that the hippocampus is slow to develop (e.g., Rudy 1993) or that the interaction between structures is slow to develop (Stanton 2000) . The current results strongly favor the latter explanation, asserting that the hippocampus has sufficiently developed by PD 17 to allow contextual learning, while some intermediate structures or pathways between the hippocampus and amygdala are not yet mature.
The major finding of this paper is that pups in the 17/24/25 group displayed conditioned freezing equivalent to those of older pups in the 23/30/31 and 23/24/25 groups. This demonstrates Rats were pre-exposed to either the training context (pre-exposed A) or a control context (pre-exposed B) on PD 17, received a footshock immediately upon placement into the training context on either PD 18 or PD 24, and were tested on PD 25. The ( * ) symbol indicates that this group significantly differed from all other groups, P , 0.05.
Contextual learning in the juvenile rat www.learnmem.org
Learning & Memory
Cold Spring Harbor Laboratory Press on November 7, 2016 -Published by learnmem.cshlp.org Downloaded from that rats exposed to an environment on PD 17 were able to integrate a memory of the context formed with the fear-inducing stimulus they experienced on PD 24. These data provide one of the first examples that rat pups at PD 17 are able to form and maintain a memory of a physical context. However, these pups are unable to associate a context with a fearful emotion without further maturation, as pups in the 17/18/19 group showed little conditioned freezing, consistent with previous reports that contextual fear conditioning is not expressed until PD 23 (Rudy 1992 (Rudy , 1993 Stanton 2000) . We interpret these data as suggesting that a functional connection between the hippocampus and amygdala has not developed until PD 23 -24. Experiment 2 further demonstrates that delaying the testing session until PD 25, when the contextual and aversive learning occur at PD 17 and PD 18 is not sufficient to produce conditioned freezing to a context. Thus, it is an associative process and not an expression mechanism that is slow to emerge.
In order to ensure that contextual pre-exposure was necessary for learning, Experiment 1 included group -/24/25, which did not experience pre-exposure and Experiment 2 included rats pre-exposed to a control context. Subjects in these groups demonstrated little freezing, confirming that the training session was not sufficient to elicit a fearful response in the absence of preexposure. This finding is consistent with previous research in adults demonstrating that an immediate shock does not support contextual conditioning in the absence of prior contextual experience (Fanselow 1990) .
Interestingly, there appears to be some loss of the contextual memory over time. Although the 17/24/25 group was statistically equivalent to the 23/30/31 and 23/24/25 groups, the actual percent freezing in the 17/24/25 and 23/30/31 groups was noticeably less than the 23/24/25 group. This finding demonstrates there was some (albeit statistically insignificant) forgetting over the week-long intertrial interval. Further research is necessary to determine whether the duration of memory retention is a function of the developmental stage of the subjects and the parameters governing its loss.
The conclusion, drawn from Experiments 1 and 2, that the hippocampus is functional by PD 17, depends upon the rats having solved the task using a hippocampus-dependent strategy. One possible alternate hypothesis is that the rats completed the task using a hippocampus independent strategy. For example, the rat pups could associate the shock with an individual cue present in the chamber, such as the smell. Experiment 3 suggests this is not the case as rats with bilateral hippocampal lesions failed to exhibit freezing in contrast to sham-operated controls.
These data are perhaps best interpreted as contributing to a growing literature suggesting that rats around PD 16-18 are able to encode contextual information, but are unable to act on that information until further development has occurred Richardson 2005, 2007; Gershman et al. 2010) . Contextual learning plays a role in many classical conditioning phenomena including both latent inhibition (the inhibition of conditioning due to being pre-exposed to the CS prior to training) and renewal (the return of fear following extinction due to contextual shifts). These phenomena depend upon the subjects recognizing whether they are in the same or a different context at various stages of learning. Although rats demonstrated latent inhibition if exposed to the CS on PD 18 and conditioned on PD 19, this effect is not context specific (Yap and Richardson 2005) . In contrast, rats exposed to the CS at PD 18 and trained on PD 25 demonstrated latent inhibition only if training occurred in the same context as the CS pre-exposure. Similar effects have been found in renewal, in which rats fear conditioned on PD 16 in one context and given extinction training on PD 17 in another context failed to demonstrate a renewal of fear when replaced into the original context for testing on PD 18 (Yap and Richardson 2007) . However, rats conditioned on PD 16 and given extinction training on PD 22 did show renewal when tested in the original context on PD 23. Thus, these experiments lead to the same conclusion as the current data, that rats are able to encode the context on PD 16-18, but are not able to utilize that information to modulate behavior until further maturation.
Our behavioral data appear consistent with the known development of the hippocampus. Although structural segmentation is intact by the first week of life (Bayer 1980) , long-term potentiation does not emerge until the second week of life in region CA1 and the third week of life in the dentate gyrus (Berkenstein and Lothman 1991). Interestingly, although all hippocampus regions are likely involved in contextual conditioning, the dentate gyrus appears to be particularly important for contextual memory retrieval, whereas the other regions may be more involved in acquisition and consolidation (Lee and Kesner 2004; Daumas et al. 2005) . Thus, the ability of PD 17 rats in our current study to form a contextual memory, but their inability to utilize this memory until PD 24 may be consistent with the differential development of hippocampus subregions. It is also possible that the developmental changes required to allow expression-contextual fear conditioning are occurring outside the hippocampus in some supplementary brain structure or efferent pathway. This interpretation is supported by evidence that contextual learning in PD 17 rats is facilitated by explicitly cued conditioning (Brasser and Spear 2004) . Such a procedure likely activates the amygdala and output pathways concurrently with the hippocampus (Moita et al. 2003 (Moita et al. , 2004 , perhaps facilitating subsequent hippocampus-amygdala interactions.
Although further studies are necessary to determine exactly where the critical development is occurring, we do know that there are both direct and indirect connections between the hippocampus and amygdala. The direct connections primarily originate in the ventral (temporal) portions of the hippocampus (Cenquizca and Swanson 2007) . The indirect pathway may involve the reciprocal projections between the dorsal (septal) hippocampus and entorhinal cortex and between entorhinal cortex and the basolateral amygdala (McDonald and Mascagni 1997) . As the dorsal hippocampus has been most specifically implicated in contextual fear conditioning and spatial learning in general (Phillips and LeDoux 1994; Frankland et al. 1998 ; Sacchetti Contextual learning in the juvenile rat www.learnmem.org
Cold 1999; Bast et al. 2003; Otto and Poon 2006) , the entorhinal cortex is an ideal target for additional investigation.
Dichotomizing developing rats into pre-and post-weaning ages may be oversimplifying the emergence of contextual fear conditioning, as recently demonstrated in a study comparing juvenile , adolescent , and adult rats (Esmoris-Arranz et al. 2008 ). This study found three different patterns of contextual conditioning to a strong background odor by comparing unpaired and paired conditioning and the effects of extinction on conditioning. Thus, our finding regarding a change occurring between PD 17 and PD 23 may be unique to spatialcontextual learning and should not imply a lack of additional developmental changes in other modalities, such as olfaction, that have yet to occur before adulthood.
In sum, the current experiments strongly suggest that hippocampal encoding of context is functional by PD 17, while implying the development of the circuitry connecting the hippocampus-amygdala-descending pathway has not yet fully developed. Furthermore, these experiments provide another example in which a classical fear conditioning paradigm has been useful in adding to our understanding of cognitive processes at both behavioral and neuroanatomical levels of analysis.
Materials and Methods Subjects
Fifty-seven offspring from six dams were used for Experiment 1; 52 offspring from nine dams were used for Experiment 2; and 49 pups from nine dams were used for Experiment 3.
The dams were timed-pregnant Sprague-Dawley rats (Harlan) that were shipped on gestational day (GD) 17 and arrived in the animal colony on GD 19. Dams were checked daily for birth and although most were born on gestational day (GD) 22, two litters were born on GD 23, and the day of birth was treated as PD 0. On PD 3, litters were culled to 10 pups (five male, five female, where possible) per litter. The litters were housed in clear polypropylene rat cages in the Bates College animal colony operating under NIH rules of conduct. Dams had ad libitum access to Purina rat chow, and were maintained on a 12-h light/dark cycle with lights on at 8:00 am. The pups were weaned on PD 21 and housed with same-sex littermates, after which they were provided with continuous access to food and water, excluding behavioral testing. Prior to PD 21, pups lived with their littermates and had constant access to the dam, except during experimental sessions. Pups were between 17 and 23 days old at the start of each experiment. Each experimental condition had no more than one male and one female littermate.
Apparatus
Fear conditioning occurred in a small Plexiglas chamber (30.5 cm × 25.5 cm × 30.5 cm; Colburn Instruments Modular Test Cage System, model E10-10SF). The chamber was metal on two sides and the top with clear plastic in the front and back. The grid floor (30 cm from the top) consisted of stainless steel rods 0.5 cm in diameter, 1.25 cm apart for administering footshocks. The grid was wired to a constant-current scrambling electrical stimulation generator (Colbourn instruments; model E13-14) delivering a single 2-sec, 1.5-mA footshock (Rudy 1993; Rudy and Morledge 1994) . The apparatus was contained within a small, white, sound-attenuating chamber with the door open for videotaping during the experiment. All experiments occurred in this room, which was illuminated with red light and a whitenoise generator raised the background noise to 65 dB. The different pre-exposure context (for pre-exposed-B animals) consisted of a cylindrical opaque white PVC chamber 45.72 cm in diameter with a flat opaque top and bottom. There was a transparent plastic door attached to one side for placement of the animal and subsequent viewing.
Movement was recorded and subsequently hand-scored by the experimenter. Behavioral scoring consisted of looking at the animal every 10 sec and determining whether the animal was freezing. Freezing was defined as an absence of any movement save respiration. A percentage of the 10-sec intervals that were coded as freezing was determined for the 5-min test period and term "percent freezing."
Behavioral procedure
Each behavioral experiment consisted of three phases. Phase 1 consisted of pre-exposure to the context. This encourages the formation of a hippocampus-dependent representation of the context (Rudy et al. 2002) . Rats were individually transported two at a time in clear Plexiglas transport cages and placed in the apparatus one at a time for 5 min of exposure to the context. Pups transported together were always from different experimental groups. The apparatus was wiped clean with 70% ethanol before each subject. Rats waited in the transport cages, while the corresponding rat was being run. No stimuli were presented during this phase. In Phase 2, rats were presented with a single footshock immediately upon placement in the chamber. This immediate-shock paradigm does not support later fear in the absence of Phase 1 exposure (see Experiments 1 and 2) (Rudy et al. 2002) . Rats were transported individually in clear Plexiglas transport cages in groups of six and presented with a single footshock, administered immediately (within 5 sec) after placement in the chamber. The rats were removed from the apparatus immediately after the shock and placed in the transport chambers until the other rats finished the experiment. Phase 3 tested the rats for context-associated fear conditioning. All data shown were collected on this day. Phase 3 was identical to Phase 1. Overall time in the transport cages was equivalent across days.
Data analysis and statistics
For Experiment 1, there were a total of 57 offspring from six dams used (28 male, 29 female), with 12 rats (six male, six female) in the 17/18/19 group, 12 rats (six male, six female) in the 17/24/25 group, 12 rats (six male, six female) in the 23/24/25 group, 10 rats (five male, five female) in the group -/24/25 group, and 11 rats (five male, six female) in the 23/30/31 group. The data were recorded and later hand-scored by the experimenter for freezing behaviors. An independent observer who was naïve to the experimental groupings recorded a portion of the tapes (25%). The interrater correlation was 0.96. Once percent freezing was determined, the data were analyzed using a 2 × 5 factorial ANOVA (with sex and experimental condition as independent factors). Follow up one-way ANOVAs and Bonferroni post-hoc tests were used as appropriate. Only one male and one female rat from each litter were used per experimental condition in all experiments.
For Experiment 2, there were a total of 52 offspring from nine dams used (27 male, 25 female), with 15 rats (eight male, seven female) in the Pre-exposed-A 17/18/25 group, 14 rats (seven male, seven female) in the Pre-exposed-A 17/24/25 group, 12 rats (six male, six female) in the Pre-exposed-B 17/24/25 group, and 11 rats (six male, five female) in the Pre-exposed-B 17/24/ 25 group. An independent observer rated a portion of the tapes (30%). The interrater correlation was 0.99. Once percent freezing was determined, the data were analyzed using a 2 × 2 × 2 factorial ANOVA (with sex, pre-exposure context, and age of training as independent factors) followed by a two-way ANOVA collapsed across sex.
For Experiment 3 a total of 49 rats were included in the final analysis (25 male, 24 female) with 12 rats (six male and six female) in the 17/24/25-lesion and 12 rats (six male and six female) in the 17/24/25-sham group, and 13 rats (seven male, six female) in the 23/30/31-lesion and 12 rats (six male, six female) in the 23/30/ 31-sham group. The data were recorded and hand-scored by the experimenter for freezing behaviors. An independent and naïve observer recorded a portion of the tapes (23%). The interrater correlation was 0.91. Once percent freezing was determined, the data were analyzed using a 2 × 2 factorial ANOVA (with sex and experimental condition as independent factors). In addition to the rats enumerated above, two subjects (both female) were excluded for failure to recover from surgery or later infection, and four for having insufficient lesions (two male, two female).
Surgical procedure
Surgical procedures were performed similar to previously established techniques (Burman et al. 2006 ), but modified for use in developing rats. The subjects underwent surgery 1 or 2 d prior to experimentation on PD 17 or PD 23, depending on their experimental condition. The pups were transported to the surgery in individual clear Plexiglas chambers. They were anesthetized with a ketamine/xylazine mixture (0.075 mL/g dose of 10 mg/ mL ketamine and 2 mg/mL xylazine) (Ivkovich and Stanton 2001) and placed in a stereotaxic device. A midline incision was made in the skin covering the head, and small burr holes were made in the skull to allow access of the electrode. Electrolytic lesions were made bilaterally in the hippocampus on the coordinates: AP: 23.0 mm, ML: + 2.3 mm, DV: 23.0 mm (Sherwood and Timiras 1970) relative to bregma and a 1.0-mA current was passed for 20 sec. The sham lesions followed the same procedure except that the electrode was lowered to 1 mm below bregma at each site and no current was passed. The incision was sutured closed. The pups were kept warm on a heat pad and monitored for 4 h following surgery before returning to their cages.
Histology
Subjects that received lesions were overdosed with CO 2 and perfused intracardically with saline followed by 10% formalin. The brains were then placed in 30% sucrose dissolved in 10% formalin. Following complete perfusion, the brains were sliced into 30-mm sections. Every third section was stained with cresyl violet and examined for cell body damage and gliosis. Cartoon reconstructions were imported into ImageJ64 (NIH) and analyzed for area of damaged regions.
